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EXECUTIVE SUMMARY

Three major accomplishments were achieved during the course of this research: 1) the design
and testing of a dilution tunnel for monitoring engine emissions in our Small Engine Laboratory;
2) the measurement of ignition temperature and heat release from ethanol-water-air mixtures on
platinum; and 3) the initial development of a computational fluid dynamics model of a catalytic
igniter. All three efforts progress our capabilities and understanding of catalytic ignition of

alternative transportation fuels.

Accurate, repeatable measurement of tailpipe emissions is an important factor in the
development of internal combustion engines and testing of alternative fuels. A dilution tunnel
simulates the action of exhaust mixing with atmospheric gases and prevents condensation prior
to gas and particulate measurements. In this work, a micro dilution tunnel was designed for the
Small Engine Laboratory (SEL) and experiments were conducted to establish the controllability
and accuracy of the tunnel. The tunnel design implements partial flow, Constant VVolume
Sampling (CVS) using an ejector dilutor. In addition to a new 5 gas Horiba MEXA 584L
analyzer, a Tapered Element Oscillating Microbalance (TEOM) has been deployed for real-time
measurement of particulate emissions. Data from these instruments and the flow conditioning

equipment are collected and logged by a National Instruments data acquisition system.

The surface temperature and heat generation from reactions of ethanol-water-oxygen-nitrogen
mixtures on a platinum wire catalyst were determined using microcalorimetry. A 127-micron
diameter, 99.95% Pt coiled wire was placed crosswise in the quartz tube of a plug flow reactor.
The platinum wire measured its average temperature by serving as a resistance thermometer, and
enabled us to determine the amount of heat generated from surface reactions. Ignition
temperatures varied from 380 to 570 K and heat generation from 0.8 to 11.8 W/cm? depending
on the absolute amounts of ethanol and oxygen, the ethanol:water ratio, and the fuel-oxygen
equivalence ratio. The addition of water showed little to no effect on either the ignition
temperature or the heat generation on the platinum wire at the maximum 60:40 ethanol:water
mole ratio (~83:17 ethanol: water liquid volume ratio) reported here. These experimental results
aid in understanding the heat transfer processes of catalytic igniters used to ignite fuel-lean

mixtures.
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A fluid mechanics and heat transfer model of a catalytic igniter (catalytic plasma torch, or CPT)

was initiated. The igniter model will help encourage discussion on design details of the igniter,
especially with regard to the materials used; internal geometry; the amount and placement of
platinum; and the size, location, and orientation of the orifices. We used a Fluent® finite volume
model for the flow and thermal processes during the filling of a CPT. To gain confidence in
modeling, a series of fluid mechanics problems were solved first. The basic 2D steady state and
unsteady fluid mechanics models were calibrated by comparisons to gas dynamics compressible
flow solutions. The 3D unsteady CPT model results indicate a quiescent zone at the tip of the
igniter core and pockets that heat up via compression. This initial model, as formulated, is an
open system with a pressure inlet. The inlet temperature is constant. Mass that is initially at the
inlet temperature is added to the system. Future models will represent a closed mass system and
incorporate a moving boundary to model the gas compression by the piston as it approaches the
top of the cylinder.
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1. DILUTION TUNNEL DEVELOPMENT
1.1 Description of Problem

Emissions from internal combustion engines are a significant concern both as potential health
hazards, and as contributors to environmental issues, such as photochemical smog and climate
change. Of particular interest are nitrogen oxides, carbon dioxide, carbon monoxide,
hydrocarbons, and particulate matter. These pollutants can be detected by numerous methods,
using either raw exhaust treated to remove water or diluting the exhaust with air to lower the dew

point of the mixture.

Dilution tunnels have been shown to mimic mixing of exhaust pollutants that occurs as the
exhaust exits the tailpipe of a vehicle. Additionally, the dilution process “freezes” the exhaust —
preventing chemical decomposition of exhaust constituents. Most commercial solutions dilute
the full exhaust flow, at a minimum of 4:1 dilution ratio. Full flow systems, however, can be
very large and prohibitively expensive. Micro dilution tunnels only sample a small portion of the

exhaust, which although less accurate, is significantly cheaper and smaller.

Development of a micro dilution tunnel at the University of Idaho was undertaken to expand
research capabilities in engine research and emission analysis. Due to the large variety of internal
combustion (IC) engine testing taking place at the University of Idaho, a dilution tunnel was
chosen as the best instrument to be used in testing. Using a dilution tunnel, one can test anything
from a diesel engine that generates high levels of particulate matter and NOy, to a two-stroke
engine that may release elevated levels of hydrocarbons that would saturate an ordinary gas
analyzer. Additionally, the dilution tunnel does an excellent job of freezing the exhaust
composition, preventing possible line contamination or continuing reactions in the hot exhaust

gas. Design of the dilution tunnel was centered on meeting these research needs and goals.

1.2 Approach and Methodology

The system level design for the dilution tunnel was chosen based on several objectives: a)

economy, both of size and cost; b) overall functionality; and c) ease of use.

It was decided to build a micro dilution tunnel to keep the physical envelope small, a large factor

in the already crowded engine research facility. As a dilution device, an ejector dilutor was
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determined to be the ideal component both due to the small physical size and the lack of moving
parts. Lastly, it was decided to purchase a TEOM and portable gas analyzer as a cost effective
means of providing the most functionality for sensing both gaseous and particulate emissions.
These major components would be tied together using a data acquisition system running
National Instruments LabVIEW® software. System design of the NIATT micro-dilution tunnel is

summarized in Figure 1.1.

The NIATT micro dilution tunnel design dilutes a constant volume of exhaust with dilution gas.
This lowers the dew point of the mixture, and enables instruments to test the mixture for
pollutants without pretreatment that could modify the composition. A dilutant, which most
commonly would be compressed air, is introduced as the motive flow in an ejector dilutor —
drawing in engine exhaust from the suction line, and mixing it into the dilution stream;
functioning as the only pumping input for the micro dilution tunnel. From the ejector dilutor, the
diluted stream enters a sampling chamber, from which sample flows are drawn into various

SENSOrs.

¥

Data Acquisition » Data Log File
L@ L
Conc,
@)E
Tex,Pex
M—H Ejecter-Dilutar Exhaust disposal
<Ii Sampling Chamber ‘r‘? !

HC, MO,
Cz, Co2
co

4

Figure 1.1: System diagram of dilution tunnel design.

Sample streams enter a gas analyzer, determining concentration of hydrocarbons, CO,, and other

pollutants. A TEOM also is connected to the tunnel, which can determine the concentration of
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particulate matter in the exhaust stream. Each of these components supplies a signal to a data
acquisition system that both displays the measurements and logs the data electronically. Once
through the sampling chamber, the remaining dilution stream is directed out of the tunnel and

into an exhaust collection system

A LabVIEW® program was created to interpret and log data from emissions instruments and
collect it in a single data file. Primary design goals for this interface included: ease of use, data
logging, modularity of function, and ease of access to calibration parameters. The interface was

constructed in a modular fashion as shown in Figure 1.2.

2+

Labview Main
Interface

Gas Analyzer

Calibration Calibration Calibration
Constants Constants Constants

Figure 1.2: Schematic design of LabVIEW® interface.

A separate program was created for calibration and acquisition of data from each of the three
major subsystems: ejector, gas analyzer, and TEOM. Each of these modules contains its own
interface for calibration, and outputs for interaction with the primary interface. This design

enables a user in the future to easily access calibration parameters for each of the major systems
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if needed for future calibration due to instrument drift, or instrument failure. Users of the main
interface do not have to view the lower modules unless necessary, as they are not displayed on
the main interface. Instead, the user only has to press the start button on the LabVIEW®

interface, specify a destination for the data file, and monitor the outputs as shown in Figure 1.3.

. data_ag.vi Front Panel
File Ew Project  Operate Tools ‘Window Help

Figure 1.3: Main LabVIEW® interface for data acquisition using dilution tunnel.

The main interface is divided into four main sections: dilution tunnel, TEOM readings, gas
analyzer readings, and status and logging. The dilution tunnel box, in the upper left of the
interface, provides readings on the two major adjustment points of the dilution ratio, motive

pressure, and exhaust temperature. The TEOM particulate readout, in the lower left of the
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interface, displays particulate concentration both immediate, and as a 30 minute average. In
addition to these readings, the total mass of particulate on the filter is displayed, as a method to
determine when the filter needs to be changed. In the lower right portion of the interface is the
display of emissions obtained from a Horiba 5-gas analyzer. This area of the interface displays
pollutants such as CO, CO,, NO, Oy, and HCs as well as the calculated excess air coefficient,
lambda. Additionally, if the Horiba analyzer is connected to the inductive RPM sensor, or oil

temp sensor, the interface will also display this data.

A method was needed to control both motive pressure and suction temperature associated with
the ejector diluter. The solution was simply to install a valve upstream of the motive input to
regulate motive pressure. However, increasing suction temperature proved more difficult,

requiring fabrication of a line heater to increase the temperature to the desired set point.

A stainless line heater was designed to heat the incoming exhaust up to a temperature of 1000° F.
This heater can be seen in Figure 1.4 below. The exhaust enters the heater at a temperature lower
than desired for the dilution ratio set point. On this end of the dilution tunnel is an expansion to
slow the incoming gases while they are heated. An Omegalux SST high temperature heating tape
was purchased from Omega with 600 watt heating capacity. This heating tape was wrapped
around a section of thin-walled stainless tubing along the body of the heater. Near the suction
inlet, the heater is tapped with 1/8” pipe inputs for pressure transducer and thermocouple

measurements as shown in Figure 1.4.
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Figure 1.4: Line heater design with temperature and pressure sensor.

Due to the high temperature of the exhaust in the line heater (as high as 1200° F), it was
necessary to place the pressure transducer away from the heater. This was accomplished using an
“S” shaped stainless steel pressure tap, which kept the pressure transducer below its rated
temperature of 450° F, while still allowing accurate pressure measurements. Additionally, due to
the high temperatures, the line heater was surrounded with alumina silica ceramic fiber insulation

for safety reasons.

Early testing on the ejector dilutor revealed that back pressure has a large effect on dilution ratio.
As a result of this testing, care was taken to prevent back pressure downstream from the ejector
dilutor. Each fitting was tapered inside with low angles to prevent pressure loss and flow
separation. Fittings were added to allow the diluted flow to expand into the sampling chamber
and contract to exit into an exhaust handling system. Barbed hose fittings were inserted into the
sampling chamber to allow sensors to draw off diluted flow for testing as shown in Figures 1.5
and 1.6. Once the sampling chamber was completed, the dilution tunnel portion was ready for

instrumentation.
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Figure 1.5: Tunnel body with transducer and sampling lines.

- L L

Figure 1.6: Side profile of sample line fittings.

To implement the control strategy, the dilution tunnel was instrumented with temperature
sensing thermocouples and pressure transducers. Motive flow was instrumented by placing two
tee fittings in line with the motive air supply. A 0-100 psia pressure transducer was connected to
one of the tee fittings, while a J type thermocouple was connected to the other. As previously
discussed, the suction temperature and pressure were instrumented by drilling and tapping

directly into the fabricated line heater to add a thermocouple fitting and pressure tap. A 0-30

Aqueous Ethanol Ignition and Engine Studies, Phase | 9



NIATT

psia, high temperature, pressure transducer was attached to the top of the pressure tap. Lastly, the
sampling chamber was instrumented with another 100 psia pressure transducer and J type
thermocouple to provide data on the dilution stream. These sensors were connected to the VXI

data acquisition unit as shown in Figure 1.7.

Exhaust Omega Temperature
Controller

= 120 VAC

¥

A

Air Line  Line heater

|||—<—

Ground

Sampling chamber

k4

Dat>

Figure 1.7: Control schematic for ejector dilutor.

HP VXI

To control the suction line heater, an Omega CN2110-T10 PID temperature controller was
purchased and connected to the heating tape. The controller contains a 10 amp solid state relay
that controls the power output to the SST heating tape, rated for 5.2 amps. This controller was
connected to a switch to power the circuit. To provide temperature feedback, the controller was
connected to a K type thermocouple inserted into the gas stream. This thermocouple allows the
controller to monitor temperature in the suction line and adjust the power to the heating tape to

maintain suction temperature.
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The final stage of design and construction was to integrate all of the components together onto a

single package. A single cart was designed to contain all of the working components of the
dilution tunnel. An exception was made for the TEOM, which was kept separate from the tunnel
cart to isolate the sensor from vibration. The final cart design, shown in Figure 1.8, implemented
a recessed, shielded compartment for the suction line heater, and onboard power for line heater
and computer and data acquisition. This cart concept was fabricated using steel square tube and
sheet metal for construction materials. Additionally, a flexible stainless sample line was attached
to the suction line to allow easy attachment to engine exhaust bungs welded into exhaust lines.

The final cart setup is shown in Figure 1.8 through Figure 1.10.
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Figure 1.8: NIATT dilution tunnel front view.

Aqueous Ethanol Ignition and Engine Studies, Phase | 12



NIATT

Shielded line
heater

" Tunnel
Exhaust

Motive flow

supply input

Stainless sample line

e
&
e E

Figure 1.9: NIATT dilution tunnel right side view.
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Figure 1.10: NIATT dilution tunnel left side view.
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1.3 Findings; Conclusions; Recommendations

As designed and fabricated, the NIATT dilution tunnel fulfills all of the design requirements
given in Table 1.1. The system is contained on a portable cart, making it ideal for the crowded
environment of the Small Engine Research Facility at University of Idaho. It contains one easy-
to-use interface that displays and logs all data for future use. All functions and controls necessary
for operation of the dilution tunnel are located onboard the cart, meaning that the cart only needs
to be connected to a power supply and air line to function. Final tunnel specifications can be
found in Table 1.1.

Table 1.1: NIATT Dilution Tunnel Specifications

Sample chamber volume 2.1 Liters

Diluted exhaust flow 40-150 L/min (dilution ratio dependent)
Particulate sensor flow rate 5-13 Liters/min

Gas analyzer flow rate 4 Liters/min

Residence time 3.2 - .85 seconds (dilution ratio dependent)

HC, CO, COZ, 02, NOX, & Particulate mass

Measurement Capabilities .
concentration

Particulate Sensor Thermo Scientific TEOM 1400-ab

Gas Analyzer Horiba MEXA-584L w/ NO & O2

Engine tests revealed two set points that should be used to set the dilution ratio at the start of
testing with the dilution tunnel. Either set point can be used to good effect, although checking the
dilution ratio using raw exhaust comparison is recommended before testing. Some lessons were
learned in the validation of the dilution tunnel that should be heeded by future users. For
particulate testing, the primary lesson learned was how sensitive the TEOM is to particulate
matter and vibration. Even slight bumps or vibrations caused TEOM readings to fluctuate wildly
for almost five minutes. Additionally, large quantities of particulate, such as a diesel engine
produces at startup or acceleration, also create fluctuations in particulate readout that may or may

not represent actual measurement of particles. Regardless of the efficacy of these measurements,
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the measurements exceed the scale of the analog output from the TEOM. This scale can be
changed, but would drastically affect resolution of the measured particulate matter. In short,
transient particulate testing will probably not be possible without further development on the
dilution tunnel and further adjustment of the TEOM itself.

Another important lesson learned in engine testing is the necessity of carefully choosing
sampling locations. There are two pitfalls to avoid in choosing an area to place a sampling port in
the exhaust system: exhaust air mixing and exhaust pressure. Exhaust ports should be placed at
least 18 inches from the atmospheric exit of the exhaust stream to prevent induction of ambient
air from the exhaust exit. Also, care must be taken to avoid pressure drops downstream of the
sampling port. As engine RPM increases, this can cause back pressure in the exhaust system that
could pressurize the suction line. This can be eliminated by making sure that the exhaust is
sampled shortly before it exits to the atmosphere. If this is not possible, the pressure could be
removed by installing a manual valve on the suction line, and creating enough pressure drop in
the exhaust line to bring the suction pressure reading down to atmospheric pressure. However,

this would not be desirable, due to the need to adjust this valve every time the RPM changes.
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2. CATALYTIC IGNITION OF ETHANOL-WATER MIXTURES ON PLATINUM
2.1 Description of Problem

This work studied the reaction of ethanol-oxygen-water vapor mixtures, diluted with nitrogen,
over a platinum wire catalyst. Our goal was to determine what effects adding water to fuel-air
mixtures had on reactions on a 127-um diameter platinum wire. The power input to the catalyst

necessary to initiate surface reactions was obtained.

A plug-flow reactor was used under low Reynolds Number flow to study the interaction of
ethanol-oxygen-water mixtures with the platinum catalyst. Data was collected for nonflammable
fuel-oxygen mixtures. Ignition temperature, power at ignition, and surface heat generation were
found for the ethanol- oxygen-nitrogen mixtures with water vapor added. Generally, the water
vapor hindered the combustion process, as expected, increasing both the ignition temperature and
power required for ignition, but had little effect on the heat generated due to surface reactions.

This work is part of an investigation of a CPT developed to combust very fuel lean mixtures in
internal combustion engines [1-3]. Prior work obtained surface ignition temperatures and heat
generation for dry and moist propane [4], and developed a model for a catalytic wire in cross

flow [5]. Several studies investigated catalytic ignition of lean fuel mixtures in engines [6-11].

Aqueous Ethanol Ignition and Engine Studies, Phase | 17



NIATT

'Mixing Nozzle
Heater |A A

!m@ Filter Fif““’ ” [ ‘ ),lf ------------- J-

o £
£ =1 L — — - F—mT]
- L = o 1 ol
- | - ar oy
a 2 o I |
L z § 2 al | ! Lab PC
AT 8| b £ Ss o
g — § i < § | 1 | |[f———
| <E =& | | ) —
A Fi
| [ | | I
~ L e e e e e e e e e o — — — — — — | |
- o Pt Wire| I
‘\ » -
" ﬂ """" : J w Keithley 2440
N S Sourcemeter
% @ Constant current output mode
g g SECTION A=A | 4-wire resistance measurement
6 = SCALE1: 4
z

A - Porter 201-DKASVCAA Mass Flow Controller

Figure 2.1: Experimental setup.

All experiments were run controlling the equipment from the lab computer using LabVIEW®.
Figure 2.1 shows the experimental setup used. Nitrogen was metered through the Porter mass
flow controller, which was in turn controlled with an N1-9263 analog out CompacDAQ. The
flow was then confirmed by the Omega DAQ-56. Before and after liquids were injected into the
nitrogen stream, the gas passed through a heating coil, constructed of /g inch stainless steel
tubing wrapped with two Amptek electrical heating tapes. Each of these heating tapes was
controlled with a variable voltage power supply, one ranging from 0-156 W and the other 0-104
W. At the injection sites, the gas stream flowed over stainless steel sintered metal wicks that
Yale Apparatus syringe pumps pushed water and ethanol through, illustrated in Figure 2.2. The
sintered metal filter aids heat transfer in thin film fluids [12-16] for the steady evaporation of

liquid from the surface. In [4], extensive work was done in order to make sure that water was
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evaporated at the same rate that it was delivered via a syringe pump. In this, work the same
syringe pump and evaporator was used therefore this calibration testing was not repeated.

Three Swagelok 1/8 inch model SS-200-3 tee fittings are fitted back-to-back using 1/8 inch
stainless steel tubing. A sintered filter is installed in each of the downstream fittings. A 100
micron filter was used in the water tee and a 40 micron filter was used in the ethanol tee (this
micron size refers to the size of objects that will pass through the filter). Both filters were
stainless steel and were acquired from Capstan in Carson, California. Each tee was machined to
accommodate its sintered filter. A thermocouple was used to measure the temperature of the
heated nitrogen just upstream of water injection. This measurement gave an idea of how close to
the boiling point tests were being conducted to further aid in achieving steady evaporation
without thermal decomposition of the fuel; for complex fuels, this temperature can be determined
via thermal gravimetric analysis. The boiling point of ethanol is approximately 351 K [17-19];

we typically measured temperatures close to this in the evaporator.

Nitrogen and oxygen metered individually through Porter mass flow controllers. Each flow was
again controlled then confirmed with the NI-9263 CompacDAQ and the Omega DAQ-56,
respectively. The nitrogen stream was heated to evaporate ethanol and water additions at the
filters. Oxygen was introduced at the mixing nozzle. The homogenous mixture exited the nozzle
as a steady stream at constant velocity and traveled through the quartz tube and over the platinum
coil. The coiled wire was electrically heated by a Keithley® 2440 sourcemeter. The details
concerning this meter’s measurements and the uncertainty of the sourcemeter were tested and
discussed in [4]. In [4], the maximum average wire temperature measured 752 K, which had an
uncertainty of + 1.273 K at 9 watts. The meter used a four point measuring technique to measure
the current and resistance of the platinum wire as it was electrically heated. It did so by operating
in a sweep mode by slowly increasing the current. For the research presented here, the meter was

again operated in sweep mode.
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Figure 2.2: Ethanol and water injection cross section.

Letting the meter run through a sweep rather than incrementing current manually, increased the
accuracy by decreasing the user error and saved time. In [4], we demonstrated that the response
of the wire to changes in temperature was fast enough for the current sweep method to be
accurate. A sweep from 0.6 to 1.3 amps occurred in less than one and a half minutes, slower than
the ~4 second response time of the system. The maximum current reached in this work was

approximately 1.5 amps.

2.2 Approach and Methodology

The platinum wire acts as a microcalorimeter, monitoring small changes in heat flow due to
voltage fluctuations. By simply measuring the electrical resistance of the wire, the ignition

temperature, power at ignition, and heat generation from surface reactions could be determined.
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With known current and resistance values, the power input to the wire was found using Equation.
2.1:

P=I°R (2.1)
R:Ro[l'l'a(T-To)] (22)

The temperature of the wire was found by the linear correlation between electrical resistance and
temperature [20, p 245] where Ry is the resistance at Ty, and « is the temperature coefficient of
resistance (0=0.003927 for platinum [21]). Using the Keithley® sourcemeter at a very low
current of approximately 0.001 amps, Ro was measured as 1.3340 Q for Tp = 293 K. These values
of Ro, T and a were used as the inputs for a LabVIEW® program that calculated temperature as
a function of power. Each individual test was performed a minimum of three times to ensure the

results were repeatable.

Literature states that the breakdown of a for 100% pure platinum is approximately 1,100 K
[22]. The Young’s Modulus also changes with temperature according to the research performed
by Johnson and Matthey [23]. Therefore, tests that began to reach such high temperatures were

not conducted to avoid changing these properties of the platinum wire,
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Figure 2.3: Process of calculating Qgen, the heat generation, from reactions on the catalyst
surface.

The uncertainty in using Equation. 2.1 lies in the resistance. However, since the Keithley®
sourcemeter reads beyond the thousandths, a one-ten thousandth (0.0001) difference in resistance
for R translates to an uncertainty of one-fiftieth of one degree K change in To. Therefore, the
uncertainty contribution of the sourcemeter in Equation 2.1 is negligible.

Resistance measurements were first taken with 5 “/mi, Of air flowing over the wire. The
sourcemeter was set to sweep through a range of currents, from 0.1 Ato 1.7 A, while recording
the wire resistance, taking 1500 "%/, at about 14 "*%"%/.... For the reactive mixtures, the
peak current was set between 1.2 and 1.45 A, depending on the ethanol content, to avoid melting

the wire or changing its thermal properties.

When the wire was exposed to reactive mixtures, as the power increased, the ethanol began
reacting on the platinum surface, causing a jump in temperature and power and marking the
ignition point. The LabVIEW® algorithm for finding this point, as well as the power generated

from surface reactions, is depicted in Figure 2.3. First, LabVIEW® was programmed to calculate
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a line using the steepest slope of the temperature increase with power, Line A in Figure 2.3. Line
A represents the ramp-up curve between when reactions initiate and when they reach a constant
rate. The intersection of this line with the air curve is considered the ignition point, Point 1. The
power and temperature at this point are what will be referred to as the “ignition power” and the

“ignition temperature,” or Pigy and Tig, respectively.

Figure 2.3 also illustrates the process used to calculate the heat generation from surface reactions
on the platinum wire. With the response in air line programmed into LabVIEW®, tests were
begun. As a reactive mixture crossed the platinum wire, the current was slowly increased using
the Keithley® sourcemeter operating in sweep mode. As this occurred, LabVIEW® tracked all
of the temperature data, which was recorded as the wire response in the presence of ethanol
Figure 2.3. Once reactions began to occur, the wire response in the presence of ethanol line
departed from the wire response in the presence of air line. This point was marked as Point 1.
Point 2 represents the point at which the reactions on the platinum wire reached steady state.
After this point, the reactions continued to occur and the wire’s response ran roughly parallel
with the wire response in the presence of air. An algorithm connected Points 1 and 2 with a
straight line that was long enough to cross the wire response in the presence of air line. The
intersection of the line connecting Points 1 and 2 with the line that represented the wire response
in the presence of air determined the point at which ignition occurred on the platinum wire

catalyst.

If the wire in air were to be held at the temperature of Point 2, the power necessary to do so
corresponds to Point 3. The energy generation, Qgen, 0N the platinum wire is determined from
Point 3, which occurs at the same temperature as Point 2. The difference between Points 1 and 3

determines the energy generation on the platinum wire surface.
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Table 2.1: Experiment Matrix

FIXED DRY Wg = Wg = 20% Wg = 30% Wg = 40%
C,HsOH 10%

1.0% 0.1<ds< 01s®Ps 01<P<0.7 0.1<sPs 0.1sP<
2.0% 0.1<P< 0.1s®< 01<d<1.0 0.2<sP< 0.2<0d<
3.0% 03<®s< 03<s®P< 03<P<10 03<Ps 03<®s
FIXED O,

5.0% 01<®s< 01s®P<  01sP<10 0.1<P< 01<®s<
7.5% 0.2<P< 0.1s®P< 0.2<®P<0.9 0.2<P< 0.2<0d<
10.0% 01sd< 0.2s0®< 0.2<®<0.9 0.2sd< 0.2s®<
12.5% 0.1<P< 0.1s®P< 0.1<0d<0.8 0.1<P< 0.1<0d<
15.0% 01sd< 0.2s0®< 0.2<®<0.7 0.2sd< 0.2s®<
17.5% 0.1<P< 0.1s®P< 0.1<d<0.6 0.1<P< 0.1<0d<
20.0% 01sd< 0.2s0®< 0.1<®d<0.5 01s®< 0.1s®<

2.3 Findings; Conclusions; Recommendations

Experiments using dry and moist ethanol mixtures were conducted with a total volumetric flow
rate of 5 L/min. Table 2.1 contains the experiment matrix. The 1, 2, and 3% ethanol tests were
conducted under fixed molar percentages of fuel whereas the 5, 7.5, 10, 12.5, 15, 17.5 and 20%
oxygen tests were conducted under fixed molar percentages of oxygen. The tests were then
performed additionally with 10, 20, 30, and 40% water vapor by mole (w;) and the balance
ethanol (e.g., 90:10 ethanol:water by molar ratio). Sets of these tests were then performed with
equivalence ratios of 0.1 < ® < 1.0 unless otherwise noted. This approach allowed us to
determine the impact of both the relative (via @) and absolute amounts of fuel and oxygen on the

ignition temperature and heat generation as well as the impact of water.

Tests could not be conducted at all equivalence ratios for one of the following reasons: 1) the
oxygen flow rate would be too low for the oxygen flow meter — valve fluttering occurred,
creating unsteady oxygen flow; 2) the nitrogen flow rate would be too low to sufficiently convect
ethanol through the system; 3) liquid pooling occurred in the sintered filter causing an unsteady
ethanol flow rate (flooding the wick); 4) the ignition temperature would be too hot for the
platinum wire to retain its original properties, specifically the temperature coefficient of
resistance (o) in Equation 2.1; 5) either the ethanol or water flow rates were too low, for the

pumps and the syringes used, to achieve the desired flow rates; 6) the amount of ethanol or ®
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was so low that no ignition was observed; or 7) the flow rate of water exceeded the evaporator

capacity.

Data is presented based on the molar percentage of the water to the molar percentage of the
ethanol. An 80:20 molar blend of ethanol and water would be about a 90:10 liquid ethanol water
blend based on 0.7894 for the specific gravity of ethanol. Due to space constraints, only a small
subset of data from the approximately 400 experiments will be presented and discussed here.

Typical results for wire temperature vs. power are plotted in Figure 2.4 for 3% ethanol and 40%
water at 0.3 < ® < 1.0, respectively. Both the solid line and short dashed line represent the
temperature measured while ramping up the current sweep. The tests were conducted several
times; these two curves are representative of the reproducibility of the experiments. The table
shown within Figure 2.4 lists the Tign (K), and Qgen (W) calculated from LabVIEW® using the

methods described above.
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Figure 2.4: Average wire temperature vs. power for 3% fixed ethanol, 40% water.
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Once all the data was collected, the ignition temperatures could be plotted as functions of the
mole fractions of oxygen or ethanol, as shown in Figure 2.4 and Figure 2.5, respectively, for the
dry experiments. From both Figures 2.4 and 2.5, it is evident that as the percentage of ethanol
increases, or the percentage of oxygen decreases, the temperature required for ignition, and
consequently the electrical power needed, increase. Therefore, mixtures with higher fuel to

oxygen ratios, X /X, , require more power to initiate surface reactions. This means that as the

fraction of the fuel in the gas mixture is increased, the mixture is becoming less and less reactive,
thus requiring a higher and higher temperature for ignition. This phenomenon may be explained
by the preferential initial coverage of the surface by fuel or oxygen as discussed in [24, 25]. The
way to determine as to which case a specific fuel falls under can be determined by how the
ignition temperatures vary with fuel content. If the ignition temperature decreases with
increasing ¢, then the fuel-oxygen-surface would fall under initial oxygen coverage as seen by
[4] for propane. However, if the ignition temperature increases with increasing equivalence ratio,
then the fuel-oxygen-surface reactions would be dominated by initial fuel coverage. For the work
presented here, ethanol falls under the latter, initial fuel coverage case between specific values of

D.
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Figure 2.5: Summary of ignition temperature for fixed volume dry ethanol mixtures.
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Figure 2.6: Summary of ignition temperature for fixed volume dry oxygen mixtures.
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Figure 2.7: Summary of surface reaction energy generation for fixed volume dry ethanol

mixtures.
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Figure 2.8: Summary of surface reaction energy generation for dry fixed volume oxygen
mixtures.
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Figure 2.9: Ignition temperatures for 2% fixed ethanol, dry and with 10%, 20%, 30%, and

40% water vapor.
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Figure 2.10: Surface reaction energy generation for 2% fixed ethanol dry and with 10%o,
20%, 30% and 40% water vapor.
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The results for the energy generated form surface reactions for the dry experiments are shown in

Figures 2.7 and 2.8 for fixed ethanol and fixed oxygen, respectively. The trend is more evident
from the fixed oxygen data, but both plots show more energy generated from the surface

reactions with higher ethanol and lower oxygen content.

One of the goals of this study was to research the effects of adding water vapor to the reacting
mixtures. Figure 2.9 compares the ignition temperatures of dry mixtures with those for
increasing amounts of water vapor added for fixed ethanol content (2%). The temperature
required for ignition appears to increase slightly with increasing water content at oxygen levels
above 5%. Energy generation appeared to decrease slightly as more water was added to the
system (Figure 2.10). Both these trends are not marked at the water content reported here.

Ethanol exhibits initial fuel coverage behavior on platinum in contrast with initial oxygen
coverage fuels such as propane. Hence, more catalyst heating is required to initiate surface
reactions with increasing equivalence ratio in fuel lean mixtures; ignition temperatures increase
as the equivalence ratio increases. Once ignition occurs, the amount of energy released increases

with increasing equivalence ratio.

In general, the addition of water increased the electrical power and temperature required for
ignition, and reduced the energy generation from the reaction. However, the changes were not
marked. This result implies that the surface reactions are not significantly affected by the amount

of water in the mixtures reported here.

Future plans include expanding the capacity of the evaporator. This will allow higher flow rates
of liquid fuels and water, and the testing of heavy fuels that will be more difficult to vaporize

without decomposition.
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3. MODELLING CATALYTIC PLASMA TORCH FLUID MECHANICS
3.1 Description of Problem

A 3D unsteady catalytic igniter (catalytic plasma torch or CPT; Figure 3.1) model including fluid
mechanics, heat transfer, surface kinetics, and gas-phase combustion would allow us to explore
the initial ignition of fuel-air mixtures adjacent to the Pt core and changes in CPT geometry,
materials, and fuel-air properties that affect ignition timing. This project initiated the
development of a thermal-fluid model of a CPT. To set the stage for fluids modeling of the
catalytic igniter, a methodology for verifying computational fluid dynamic (CFD) models that

are too complicated for detailed data or analytical analysis was developed and applied.
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Figure 3.1: Solidworks model of a catalytic plasma torch (CPT).
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3.2 Approach and Methodology

Computational fluid dynamics (CFD) provides a method to research and investigate fluid flow
and heat transfer within the body of the catalytic igniter. Numerical simulations of the catalytic
igniter allow the continuity, momentum, and energy equations to be solved at the nodes within a

two- or three-dimensional grid imposed on the flow field.

The governing equations are listed below in the following order: conservation of mass,
conservation of momentum (Navier-Stokes), and the conservation of energy equation. Each is
solved within a computational mesh; whether that is nodal-based or cell-based is chosen by the
user. The research, study, and advancement of these equations are integral to computational fluid

dynamics.

Conservation of mass is defined by (3.1):

(3.1)
dp

a0

V- (pv) +

Where p is mass density, v is velocity and t is time. This condition must be satisfied at every
point in the fluid.

The conservation of momentum, or Navier-Stokes, equation represents the physical balance
between the change of momentum and stresses in the flow field. The left side of the equation
represents the inertial forces comprised of the unsteady acceleration and the convective
acceleration. The first term on the right side of the equation is the body force, the second is the
gradient of pressure p (pressure force) and the third represents the viscous forces (u is fluid

viscosity).

(3.2)
DY pg —Tp + %
Pop = P9 —Vp+uviv
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Conservation of energy is represented by (3.3). This is the energy balance between the rate of
change of internal energy on the left hand side and diffusion of energy, change in potential
energy and heat generation on the right hand side.

Dp

DU — —
— =V(kVT)+—+ 3.3
L V(V)+Dt+ (3.3)

Where U is the internal energy storage, k is the thermal conductivity of the fluid and T is the

temperature field.

The tool that is being used in this research is Fluent, a computational fluid dynamics program

that was first developed in 1988.

Each initial calibration model consists of a single orifice that is either 2D planar or 2D
axisymmetric. The diameter of the orifice for each model is the diameter of one orifice of the
actual igniter. This was done to simplify the model because we wanted to understand and be able
to account for possible high velocity through the orifice. The diameter or width of each model is

also the diameter of the catalytic igniter’s pre-chamber.

The diameter of the upstream chamber was chosen carefully to avoid entrance effects or

computational inefficiencies.

The duration of each time step was chosen by considering the operation of the Cooperative Fuels
Research (CFR) engine in the Small Engine Laboratory. The engine’s idling speed ranges
between 500 and 900 RPMs [Anderson, 2009]. The engine speed chosen was 900 RPMs. With
this speed the amount of time it takes to complete one revolution of the crankshaft is 0.0668
seconds or 668 time steps at increments of 0.0001 seconds. This time step was used for all of the

unsteady models.

The pressure inlet is located at the bottom edge/face of Figure 3.2. With the steady state models,
the top edge/face was set to a pressure outlet instead of wall to compare and contrast the

velocities computed with velocities calculated from isentropic flow tables.
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Figure 3.2: Geometry for gas dynamics models.

One factor in CFD that is important to understand is convergence. The residual for a solution
variable — continuity, velocity components, energy, and turbulence variables — is the change in
the solution variable from one iteration to the next. Convergence is achieved when the residuals

are less than or equal to the user’s criteria.

Fluent allows the user to provide values for the solution variables in an attempt to accelerate
convergence. If a solution has converged but these ‘first guess’ values do not reflect reality, then
the solution should be examined for plausibility. When a solution does not converge, does not
diverge, and the residuals “flat line” the solution should always be looked at for reasonability. If
velocities are misjudged, divergence can take place in the iterative solution process or even

converge with a nonsense solution.

The solution accuracy can be affected by selecting a first order or second order (with respect to
the grid spacing in the solution domain and/or the time step) discretization scheme for the

different governing equations.
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Solver

The solver is the heart of the computational fluid dynamics software. There are two choices:
pressure-based (segregated) solver and density-based (coupled) solver. The density-based solver
solves all of the equations (conservation of mass, momentum, and energy) simultaneously
whereas the pressure-based (segregated) solves the equations separately. It is recommended to
use the density-based solver when the pressure and velocity are strongly coupled as they are in
flows at very high pressures and velocities. The density-based solver was used in the initial
single orifice models where the velocities approached the speed of sound through the orifice. The
pressure-based solver was used for the final 3D CPT model.

Turbulence Models

The turbulent governing equations have a closure problem within the viscous terms. Numerous
equations have been derived in order to solve this closure problem. While some of the turbulence
models have been created to be robust in multiple applications, such as the standard k-& model,
others have been created with specific applications in mind, for example, for situations with
strong adverse pressure gradients along an airfoil that are addressed with the shear-stress
transport (SST) k- model. The wide range of turbulence models poses a challenge for the user:

which is the best choice for the specific application of interest?

In the preliminary, or gas dynamics, models, the Spalart-Allmaras turbulence model was used for
solving high speed enclosed flows. This turbulence model had worked well for CFD research on
a micro propulsion rocket nozzle in similar high speed flows [Plumlee, 2007]. When solving the
3D single orifice model with the Spalart-Allmaras choice, divergence occurred with the
molecular kinematic viscosity (v) and also with two of the velocity components. This lead to
changing the turbulence model to the standard turbulent k- model and convergence was reached
with the new setting. The standard turbulent k-€ model has proven to be robust and suitable for
use with the 3D CPT models.

Boundary Conditions

Boundary conditions are necessary for the Fluent software to begin solving the governing
equations. Boundary conditions for walls, inlet and outlets of the steady state models and the

inlets of the unsteady models are set as discussed below.
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Pre-chamber and Upstream Walls

There is no mass transfer across the physical walls.

The setting of the no slip condition (zero velocity at the wall) was applied to all of the walls in

every model.

An adiabatic wall boundary condition was chosen because of the time frame of an initial cold
start-up. The penetration distance of a thermal wave can be estimated by taking the square root

of the product of material thermal diffusivity and time increment being analyzed (3.4):

m2 (3.4)
d= Vot = [B17E(~10)~-0.0334sec = 0.005mm

where d is the thermal wave penetration depth into the wall, a is the thermal diffusivity of brass,
and t is the time of interest. The resultant characteristic penetration depth for brass was 0.005
mm or 5 um, hence negligible heat loss to walls is expected and the adiabatic wall assumption is

reasonable.

Steady State Inlet and Outlet

The mass entering is the amount of mass leaving. Three pressure inputs were chosen because we
wanted a pressure ratio at the choked condition as well as one below and one above. Hence, we
would cover sonic, supersonic, and subsonic flow. Three different pressure inputs are used in the
first of the steady state models - the 2D planar will look at a 150 kPa, 190 kPa, and 500 kPa case.
In the 2D axisymmetric steady state model, the 500 kPa case was dropped. The pressure outlet

was always set to one atmosphere.

Unsteady Inlet

The pressure function is derived from the kinematic equation of piston motion combined with the
polytropic equation from thermodynamics. This will yield a pressure as a function of crank
angle, geometric engine lengths, ratio of specific heats, and the pressure of the cylinder at bottom

dead center (BDC). The pressure function is shown below.
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(L+2r) )k (3.5)

P;(t) = Pgpc (L +r+1—(rcos(ot) + \/]2 —r? sin?(wt))

P(t) is the pressure as a function of time, PBDC is the pressure at bottom dead center (BDC), L is
the clearance length between the piston and the head at top dead center (TDC), r is the crank arm

radius, 1 is the connecting rod length, w is the engine speed in radians/s, and t is time.

Flow reversal is allowed to occur over this boundary condition because flow will be kept at a

certain pressure along the boundary.

Alumina Oxide Core

In the fluid mechanics CPT model, the core’s walls are modeled as adiabatic.

In the heat transfer CPT model, the walls of the core tip and their corresponding shadow wall are
coupled thermally. This is done so that heat transfer will be calculated correctly between the
shadow wall and corresponding physical wall. There is also a cell zone energy source term
applied to the core tip. Convection heat transfer is modeled as the boundary condition between
the fluid and the heated tip.

2D Single Orifice Steady State (SS)

The formulation of each model in the series progressed so that the results from a prior model
would yield insights regarding the approach needed for the next computational model. The first

model produced was a single orifice steady state model in various dimensions.
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Analytical Model Formulation, 2D SS Single Orifice
The governing equations for the 2D single orifice steady-state model formulation are those for

the isentropic compressible flow of air through a truncated orifice or nozzle.

¢ = VkKRT (3.6)
k
p. [ 2 \ /et 3.7)
Pe (k—-l—l)
B 2 D¢ k=1 (3.8)
Me = Jm ) - 1]

For each of these gas dynamics equations, the variables are defined as: c is the speed of sound
through a fluid; k is the ratio of the specific heats; p, is the pressure at which the orifice flow is
choked (the Mach number is one through the orifice and the maximum mass flow rate has been

achieved); p; is the stagnation pressure; and M, is the Mach number through the orifice.

The calculated speed of sound through the orifice is 347 m/s. The pressure at which the orifice
flow will be choked is 190 kPa. The resultant Mach number for a 150 kPa pressure input is about
0.7701 or a velocity of 270 m/s. With 190 kPa, the Mach number is 0.998 or 346 m/s. With a
different pressure input of 500 kPa, the Mach number is 1.7 or a velocity of 590 m/s.

Boundary Conditions
The boundary conditions consist of constant mass at inlet and outlet, three different pressure inlet

values, an atmospheric pressure outlet, no slip condition at the walls, all walls are adiabatic, and
an assumed temperature of 300 K. The input pressures will yield an orifice velocity to be

compared with the gas dynamics solution.
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Fluent Results

For the 150 kPa pressure input case shown in Figure 3.3, the orifice velocity is 284 m/s. The exit
flow exhibits a Coanda effect, i.e., the wall prevents fluid from being entrained into the jet which
causes the jet to lean into the wall. The upstream entrance effects of the fluid into the orifice are
not affected by the distance between the orifice and the wall. So the choice of the width of the

main chamber works well.

For the 190 kPa pressure input show in Figure 3.4, the velocity through the orifice is at 366 m/s.

The flow is choked at this pressure ratio.

The 500 kPa pressure input solution in Figure 3.5 has an orifice velocity of 627 m/s. The
presence of the velocity increasing after the orifice signifies that the nozzle is choked. This
boundary condition was chosen because we did not know initially what velocity to expect. This
was the extreme. After unsteady cases were explored, we found there was no need to study flow

past sonic conditions.
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Figure 3.3: 2D planar contour velocity map 150 kPa pressure input.
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Figure 3.4: 2D planar contour velocity map 190 kPa pressure input.
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Figure 3.5: 2D planar contour velocity map 500 kPa pressure input.

Table 3.1 compares the isentropic flow velocities with the Fluent results. The isentropic single
orifice model velocities are lower than those calculated by Fluent; and the comparison gives
confidence that the Fluent solver settings are correct because of the reasonable agreement within
5or6 %.
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Table 3.1: Isentropic Flow vs. 2D Planar SS Fluent Velocities

2D Axisymmetric Single Orifice Steady-State

The axisymmetric model was done to validate flow through a 2D orifice. This is contrasted with
the 2D planar model as well as the isentropic gas dynamics solution so that we could study a
simplified truncated nozzle. The planar model assumes an infinite length in the 3™ dimension

whereas the axisymmetric case does not. This should limit the velocity through the orifice.

Analytical Model Formulation, 2D Axisymmetric Single Orifice
The analytical model formulation is the same as that described for the 2D SS Single Orifice.

Solver Settings
A density-based solver is used again with this model due to the high pressure-velocity coupling.

Boundary Conditions
See the 2D SS Single Orifice Boundary Conditions.

Fluent Results

There is no Coanda effect with the 2D axisymmetric model due to the restrictions of the
coordinate system: the fluid can only move axisymmetrically. The speed through the orifice on
this model is about 256 m/s. This is smaller than the 2D planar model, which makes sense
because the flow field is now completely surrounded by a physical boundary. The 1D gas
dynamics equation gives us a velocity of 267 m/s. The axisymmetric result is 4% less than the
calculated 1D result, most likely because it includes viscous effects.

For the subsequent axisymmetric models, there is a notably less increase in velocity than is

witnessed in the 2D planar models. This is due to restriction of the flow in the radial and axial
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direction. This can be seen again in Figure 3.6 with a velocity of 323 m/s orifice velocity. At this

choked pressure ratio, the velocity should be 347 m/s.
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Figure 3.6: 2D axisymmetric contour velocity map 150 kPa pressure input.
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Figure 3.7: 2D axisymmetric contour velocity map 190 kPa pressure input.

Table 3.2 compares the velocities of the calculated isentropic flow values with the Fluent
velocity calculations. With the axisymmetric case, all of the Fluent solutions are slower than the

isentropic flow solutions and within 5 or 6% agreement.
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Table 3.2: Isentropic Flow vs. 2D Axisymmetric SS Fluent Velocities

Input pressure Isentropic Flow Velocity Fluent Velocity
(kPa gauge) (m/s)
150 270.3 256
190 346 367

2D Single Orifice Unsteady

This is the first model that incorporated the user-defined function (UDF) with a transient

pressure equation.

Analytical Model Formulation
The analytical model formulation is the same as that described in the 2D SS Single Orifice.

Determining the pressure ratio for this model will be done after the computational solution is
solved. The upstream pressure is known from the derived pressure function but the stagnation
pressure within the pre-chamber cannot be calculated in an unsteady case.

Solver Settings

The density-based solver was used in this model. This model was solved in the unsteady case as
opposed to the steady state manner in the previous models. The rate of mass addition is
calculated at the pressure inlet. Solutions at each mesh node were obtained using implicit

differentiation. The energy equation was used due to compressibility effects on fluid flow.

Boundary Conditions

The initial temperature is 300 K to represent cold start conditions. The pressure user-defined
function is incorporated into the pressure inlet with this model. The no slip condition is applied
to the walls by selecting a velocity of zero. The inlet fluid temperature remains fixed at 300 K.
All physical edges in the model will be modeled as adiabatic walls.
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Initial Conditions
The initial temperature was set to 300 K (room temperature for cold start), initial velocity to 0

m/s (quiescent), and initial pressure to 0 kPa gauge.

Fluent Results
Because of the unsteady flow, the graph in Figure 3.9 was made instead of including a velocity

contour map. A Coanda effect was observed as the model progressed. The maximum velocity of
about 275 m/s occurred at the 280™ time step (0.028 seconds). The pressure ratio (stagnation
pressure divided by the pressure at the inlet) that was seen through the model was about 0.6

which would yield a velocity of 300 m/s.

Since the velocity through the orifice of the model has not reached the choked condition, the
more relevant Fluent solutions will be the 150 kPa pressure input cases. It should be noted that
the continuity residuals of this model were exceptionally high. More iterations per time step (300

iterations per time step were used) would most likely help to bring down the velocities.
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Figure 3.8: 2D planar unsteady contour velocity map at 280th time step
(0.028 sec, 6 = 151°).
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Figure 3.9: 2D unsteady model velocity profile.

3D CPT Fluid Dynamics

This model is the first to use the actual geometry of the CPT. The model includes both a study of

the temperature and velocity profiles.

Analytical Model Formulation

This flow is too complicated to develop an analytical solution. It is for this reason that all of the
simpler analytical flow models were developed. The CAD drawing in Figure 3.1 shows the
dimensions of the CPT. A main chamber was added, as seen in the mesh of Figure 3.10, with a
diameter of 1.0 inches (2.54 cm) and depth of 0.5 inches (1.27 cm) beyond the bottom of the
igniter, and is concentric with the body of the CPT. An important feature of the CPT that is not
easily seen in the drawings is the angular offset of the orifices. This offset creates swirling flow

as fluid enters and leaves the CPT.
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Boundary Conditions
The initial temperature is 300 K to represent cold start conditions. The boundary conditions with

this model include the UDF from Appendix B for the pressure inlet. The no slip condition is
applied to the walls by selecting a velocity of zero. All physical edges including the core will be

modeled as adiabatic walls.

i
yavat
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J——
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N¥I

Figure 3.10: 3D CPT fluid dynamics model mesh (created in Gambit).

Initial Conditions
The initial temperature was set to 300 K (room temperature for cold start), initial velocity to O

m/s (quiescent), and initial pressure to 0 kPa gauge.

Fluent Results
The pressure ratio observed in the Fluent results, Figure 3.11, shows that it is lowest at the 280"

time step with a value of about 0.9902. This plot is important because it shows the difference
between the pressures in the pre-chamber and the main chamber in the model and it is this
pressure difference that drives fluid flow through the orifice. According to the isentropic flow

tables, this should yield a velocity of 42 m/s. This is comparable to the maximum velocity
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witnessed throughout the compression stroke in the Fluent model. As we see in Figure 3.12, the

maximum velocity is about 41 m/s in the orifice.

Figure 3.13 is a slice through the middle of the CPT and displays the velocity contours when
maximum velocity - about 41 m/s — occurs. The contour plot suggests that fluid tends to cling to
the outside walls of the pre-chamber; whether this is due to the swirling flow induced by the
orifices or a Coanda effect is uncertain. A quiescent zone is located at the bottom of the pre-

chamber.

Figure 3.14, Figure 3.15, and Figure 3.16, shows the temperature rise due to compression of the
flow as time progressed. This is what is expected but the temperature rise would likely be more
uniform in a closed system; the inlet flow in the model here is always at 300 K. The time steps
that are shown are the 50, 280™, and 330™, which correspond to 27°, 151°, and 178° of crank
shaft rotation, respectively (with 0° being BDC). A higher temperature pocket that progresses in
time through the CPT is visible in each of the figures.
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Figure 3.11: 3D CPT FM pressure ratio vs. crank angle plot.
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Figure 3.12: 3D CPT fluid dynamics model velocity vs. time step.
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Figure 3.13: 3D CPT velocity contour map unsteady at 280th time step, 0.028 sec, 6 = 151°,
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Figure 3.14: 3D CPT velocity contour map unsteady at 280th time step, magnified.
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Figure 3.15: 3D CPT FM temperature contour map at t = 0.0050 s, 6 = 27°.
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Figure 3.16: 3D CPT FM temperature contour map t = 0.0280 s, 6 = 151°.
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Figure 3.17: 3D CPT FM temperature contour map t=0.0330s, 6 = 178".

3D CPT Heat Transfer

This model includes the electrical heating of the platinum catalyst at the tip of the core. The CFD
settings and boundary conditions for this model are the same as that shown for the unsteady CPT
fluid model except for the heat addition. Prior steady-state heat transfer modeling including heat
generation, with verification from experiments and analytical models, was done by Leichliter et
al. [2008] for a coiled heated wire crosswise in plug flow. This gave us confidence in Fluent’s
ability to model heat transfer phenomena including convection into a thermal boundary layer and
thermal radiation effects. Figure 3.18 shows the good agreement between this Fluent model,

analytical solutions, and experimental data.
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Figure 3.18: Summary of experimental data for air flow over the wire and results from the
Fluent® and PDE models. [Leichliter, 2009]

Boundary Conditions

The boundary conditions for the heat transfer model are shown in Table 3.3. The initial condition
and all of the boundary conditions are the same as those specified in the unsteady 3D CPT model
except that the core is no longer adiabatic. Surfaces not specified as adiabatic default to a

convection heat transfer boundary condition.
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Table 3.3: Summary of 3D CPT Heat Transfer Model Boundary Condition Settings

Boundary Conditions  Setting Comments

Calculated from volume flow rate

UDF (see appendix B) and area of opening in quartz-tube.

Pressure Inlet

Face .
T=300K Temperature of inlet flow
o Velocity at walls =0 No slip condition
All remaining — —
Adiabatic walls Cold start conditions

Initial Conditions
The initial temperature was set to 300 K (room temperature for cold start), initial velocity to 0

m/s (quiescent), and initial pressure to 0 kPa gauge.

Fluent Results

Figure 3.18 displays temperature contours early in the compression stroke. The core tip heating
does not appear to affect the fluid mechanics of the model. The heating of the fluid in the pre-
chamber due to compression has started. The fluid temperature is already hotter, due to
compression, than the temperature of the core with heat generation and this situation persists for
the duration of the run. At the end of the compression cycle, we produced a contour plot with a
temperature range restricted between 300 K and 320 K. This allowed us to see that there was
only an 8 K temperature rise within the core tip in contrast with a 400 K rise in the fluid. This
may be due to low power density within the core; the electrical power was spread out over the
entire volume of the core tip rather than be concentrated within the actual small volume of
platinum on the surface. This detail can be addressed in future models. Nonetheless, we expect
that the level of electrical heat generation used within the CPT will have minimal impact on fluid
temperature. We do not expect major heat transfer impact from the catalyst until ignition occurs

with the accompanying release of energy from exothermic reactions.
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Figure 3.19: 3D CPT heat transfer temperature contour map t=0.0334s, 0 = 180°.
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3.3 Findings; Conclusions; Recommendations

After compiling the information from the preliminary models, we can conclude that the
calibration of the Fluent settings for the 3D real geometrical model are correct. The solutions of
the steady state problems indicate that there is no need to take supersonic speed into account with
the inclusion of more orifices. The single orifice models gave us a means to check CFD flow

through an orifice.

Table 3.4 shows a summary between the isentropic flow calculated velocities and that of the
Fluent solutions. There is good agreement - within 5 and 6% - between the gas dynamics
equation solution and all of the numerical solutions from Fluent. We observed a Coanda effect in
the 2D Planar model. These results suggest the process of developing a series of simpler models

is useful in gaining confidence in the CFD program.

The maximum cell skewness in the meshing did not exceed 0.84. This indicates that the mesh
density was sufficient to maintain the solution continuity within the grid. Hence the code could

accurately model large changes in velocity and temperature within the complex geometry.

Table 3.4: Summary of Steady State Single Orifice Models

Isentropic 2D Planar 2D Axisymmetric

Flow
Input pressure
/ / /
(kPa gauge) (m/s) (m/s) (m/s)
150 270 284 256
190 346 367 323
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CFD and Heat Transfer of CPT

The unsteady CPT model was run with a pressure-based solver. The velocity of this model is in
good agreement with the isentropic flow tables; we observe a maximum of about 42 m/s which

agrees with an isentropic flow velocity of 41 m/s.

From examining the flow pattern, it appears that the flow through the orifices is bypassing the

quiescent zone and part of the heated core.

The thermal penetration depth in brass for the three hundredths of a second span of the model
was calculated to be 0.005 mm. This value is small relative to the geometry of the igniter; the

adiabatic wall assumption is appropriate.

Results of Heat Transfer Modeling

The heat transfer modeling in the unsteady models with and without the heated catalyst shows
formation of high temperature pockets both towards the top of the igniter and in the quiescent
zone off of the tip. These high temperature pockets are most likely due to fluid compression. But
compression heating should happen uniformly throughout the control volume of the pre-chamber
and main chamber. The reason why it does not is because this first CPT is being modeled as an
open system and at the pressure inlet, we assume a constant 300 K temperature for all mass

entering.

A compression ratio of 9 to 1 was selected. The data from Figure 3.20 (volume-average density
of the control volume) shows that the ratio of the beginning and final densities are actually 16.6

to 1. This demonstrates that mass is added to the system.
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Figure 3.20: Density plot of the control volume of the igniter.

Fluent calculated a volume-averaged temperature of 413 K at the final time step. The volume-
averaged temperature can be compared with that calculated from the ideal gas law:
P P, 1

T, =T, —2 300K ——21.6 = 392K
p, P, 16.6

The contours in Figure 3.19 show a maximum temperature of 791 K. At present we have no
method of verifying the validity and magnitude of the different hot spots within the complex
fluid mechanics; it appears that a thermal wave is passing through the compressing gases.

Whether this phenomenon is real or a computation anomaly remains to be discovered.

The current heat transfer model does show that the heating occurring at the core tip is negligible
compared to the heating of the fluid around it. This is due to compression, the power density, and

how the igniter was modeled.
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Future Work

It would be beneficial to further validate the turbulence model of the CPT by checking the mesh
independence of the solution and/or by flow visualization — the latter being the more difficult

challenge.

A future version of the CPT model will incorporate a moving boundary along the face where the
pressure inlet is currently located. This will model the gas compression (and heating) of a piston
moving towards top dead center in a closed-mass system. Appropriate fast-solving sub-problems
should be developed first to understand how to use and verify the moving boundary in the CPT

model.

Heat generation can be refined by using the actual volume of platinum wire coiled around the tip
and the appropriate electrical power density. Future models may consider pre-heated platinum by

specifying a higher initial temperature.

Before including chemical kinetics, there needs to be some research done with the thermal
boundary layers on the surface of the platinum catalyst. The mesh sizing will likely need to be

altered in this region because of the expected high temperature gradients.

Before adding surface and gas phase combustion kinetics to the CPT model, the Fluent-Chemkin
interaction should be applied to a simpler model such as a model of a heated Pt wire in cross

flow where additional experimental data may be obtained for model validation.
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